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The operating cost includes fuel cost, and associated costs of operating the different utilities such as pumps and drivers.
145 The maintenance costs cover fixed and variable maintenance costs. The fixed maintenance cost was calculated using the 146 fixed maintenance cost factor in Table 4 multiplied by the total power output of the engine. The variable maintenance 147 cost takes into account the influences of fuel properties and ambient conditions on hot gas path components. This is based 148 on the assumption that thermal stress and creep are the dominant failure modes in the baseload operation of these engines.
149 Since the first stages of the turbine blades encounter extreme hot conditions and are critical components in maintenance 150 schedules, the gas path for the first stages of the turbine was sized appropriately by calculating the blade height and 151 distance from mid-shaft to mid-blade. The blade temperature and time-to-failure were then estimated using the Larson- 152 Miller Parameter (LMP) method [44] [45] [46] . These calculations involve an initial estimation of the centrifugal force acting 153 on the blade at the mid-root section, a function of the design point rotational speed of the turbine. The estimations offer 154 an introductory value for the variable maintenance costs for the three fuel scenarios. A step-by-step description of the 155 method for the variable maintenance cost estimation is outlined in Onabanjo et al. [47] . Fuel costs were calculated based 156 on the fuel consumption rate of the engines. The local market price of both biodiesel and conventional diesel fuels were 157 assumed to be $5.5/gallon based on the bulk pump price of diesel fuels in Nigeria and with the consideration that fuel 158 prices of Jatropha biodiesel would have to be competitive with diesel for successful adoption. The local price of natural 159 gas was $2.8/MMBTU [48] [49] [50] [51] . These fuel costs account for the cost associated with the production and transportation of 160 the fuel to the power plants. Emission costs of the engines were calculated based on carbon balance and using the carbon 161 emissions of the flue gas, but this assumes that the fuel is completely combusted. A zero carbon tax rate was applied to 162 the base case study; however, a scenario analysis considered a range of carbon tax of $0-100/tC. All costs including fixed 163 maintenance costs and capital costs, as inputted in the economic model, are outlined in Table 4 . 169 Net Present Value (NPV) defines the economic viability of a project as it examines the revenues and costs over a 170 discounted time [50] . NPV was calculated using equations 1, assuming an annual real discount rate equal to the project's ACCEPTED MANUSCRIPT 9 171 weighted average cost of capital (WACC) as provided by [49] . A constant dollar cash flow was used at the end of the 172 period, i.e. 2012, with an annual escalation rate of 11% apart from the base year.
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175 where d is the annual real discount rate in %, T is the plant's project life in years or analysis period and t is the net cash 176 flow each period. The depreciation rate assumes the salvage value at the end of the project is 0. There are no further 177 investments, so the annual capital cost after the first year is 0.
178 Levelized Cost of Electricity (LCOE) accounts for the total life cycle cost (TLCC) when discounted to the base year 179 [50] [51] . It considers the estimated cost of installing and operating projects over a period of time, and is used to compare 180 projects under different operating conditions. It primarily describes the TLCC per every unit of energy generated over the 181 project life. In this study, LCOE was calculated using equations 2-4 and is expressed in $/MWh.
eqn. (4) 186 where Q -annual energy output (MWh), URCF -uniform capital recovery factor 187 The outputs for the OCGT and CCGT were compared with those of SGE in Nigeria. The latter analysis was conducted 188 using the primary data in Table 4 , as obtained from a local analytical laboratory and household. 191 SPB = ∆I n ≤ ∆S n eqn. (5) 192 where ∆I n -non-discounted capital costs, ∆S n -non-discounted summation of annual cash flows 193 Sensitivity analysis was then carried out to determine the individual influence of key parameters, such as capacity factor, 194 company tax rate, depreciation rate, escalation rate, capital cost, maintenance factor (fixed and variable) and fuel price, 195 on the economic performance of the Jatropha biodiesel-fired plants. 223 The slight differences observed in the NPO, NPE and heat rate for the different fuel scenarios are relatively small 224 compared to the engine's fuel flow rate. As mentioned in section 2.1., the gas generators were modelled with a maximum 225 firing temperature and this setting ensures that fuel flow rates are suitably adjusted such that firing temperatures are 226 reached but not exceeded. It also ensures that a relatively constant combustor outlet temperature (COT) is reached, which 229 was observed in the diesel-and Jatropha biodiesel-fired plants respectively, in the place of natural gas. These significant 230 fuel adjustments are as a result of the reduced heating values of the fuels. In this study, the diesel and Jatropha biodiesel 231 fuels have HV net of 42.58 MJ/kg and 36.58 MJ/kg respectively, corresponding to a reduced energy content of 13% and 232 25% when compared to the HV net of natural gas.
233 Another added influence is the chemical composition, primarily the carbon, hydrogen and oxygen content of the fuels.
234 Meher-Homji et al. [55] reported that gas turbines operating on natural gas will produce a range between 2% and 3% of 235 power output more than engines using distillate oil. This is because of the relative higher specific equivalent power 236 obtained from natural gas, a function of the molar hydrogen-to-carbon (H/C) ratio of the fuel. In this study, the natural 237 gas is primarily composed of methane, and has a molar H/C that is about one-third of the mixture, while the molar H/C 238 of the diesel and biodiesel fuels is less than one-fifth. An analysis of the flue gas composition shows that the mass H/C 239 ratios are 0.61, 0.15 and 0.19 while mass hydrogen-to-oxygen H/O ratios are 0.144, 0.088 and 0.093 for natural gas, diesel 240 and Jatropha biodiesel respectively. These values are in the order of the specific equivalent power for the respective power 241 plants (OCGT and CCGT) and within the range of 2-3%. And, although there is a larger carbon content in diesel and 242 Jatropha biodiesel fuels, which can contribute to the further production of carbon dioxide (CO 2 ) in the flue gas and 243 increased gas mass flow and specific heat capacity of the combustion products, this is counterbalanced by the lower LHV 244 fuels. The loss of NPO and NPE for the diesel-and Jatropha biodiesel-FOP/FCP engines is therefore as a result of the 245 relatively large amount of fuel that is added to the system to compensate for the lower LHV fuels.
246 In summary, the engine performance analysis shows that the Jatropha biodiesel fired plants have a close performance 247 characteristic and slightly improved performance compared to conventional diesel-fired engines, hence Jatropha biodiesel 248 can be considered as an alternative. The results also show that Jatropha biodiesel can be substituted for natural gas in 249 industrial gas turbines and for distributed or embedded power generation in Nigeria, particularly for power stations in 250 remote locations with limited access to the existing natural gas distribution networks. The use of the fuel however comes 251 at a cost of increased fuel consumption with slight loss in power (~2%) and plant efficiency (~1%). Since fuel costs may 252 account for over two-thirds of the operator's annual operating cost, the above results show that the use of Jatropha 253 biodiesels in CCGTs is the best alternative. This is due to the additional power output derived from the bottoming cycle 254 at no added heat input, hence a reduced specific fuel cost with increased potential earnings for the power station.
255 The differences observed between the data for ISO and site conditions in the natural gas-FOP/FCP are mainly due to 256 ambient effects. Here, the increased ambient temperature reduces the density of the air flowing into the compressor. This 257 consequently reduces the compressor delivery pressure and air flow rates going through the engine, and causes an overall 258 reduction in specific power output and thermal efficiency of the engine. The thermal efficiency is worsened because more 355 projects [69] . Jatropha was recently approved to be grown nationwide, and possibly intercropped with maize and cassava 356 plants. Thus, the following sub-section examines the economic scenarios by which Jatropha biodiesel can be integrated 357 into existing power plants or used in dedicated power plants for embedded power generation.
358 Kost et al. [70] made note of the important role conventional diesel power plants play in electricity generation in Middle 359 East countries, accounting for nearly 88% of the energy mix in Saudi Arabia. This was only achievable with fuel 360 subsidization, which is a highly contentious issue in Nigeria. Despite the cost of fuel subsidy and related incentives, there 361 are potential economic benefits. In developed economies, renewable fuels have appreciably penetrated the energy mix of 362 many countries because of government support and platforms such as production-based renewable incentives, tax credits, 363 and subsidy programmes. As a result, and in addition to advances in technology, the cost of renewable energy has been 364 declining and penetration of renewable energy production has increased substantially. For instance, the UK operated a 365 minimum feed-in tariff system that pays an energy generator a minimum guaranteed amount for any renewable energy 366 generated (used or sold to the grid) over a period of years. In the US, the energy generator receives a tax credit that has 367 lowered the electricity cost of production from renewable energy sources. This has brought about significant economic 368 benefits and growth, and can be adopted by developing economies to ramp up renewable energy projects, particularly for 
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The CF is the ratio of actual to potential output for a given period time. A value of 80% was allocated on the basis of 511 baseload operation but this can change due to factors such as pipeline vandalizing, fuel unavailability, poor maintenance 512 and other operating issues, resulting in increased downtime. It therefore reflects the annual operating hours of the power 513 plant, and affects both fuel and maintenance costs. The sensitivity analysis shows that an increase in CF by 20% can bring 514 about a reduction of 5.6% in LCOE but increases this by 3.7% for a 20% increase in the base value. Capital costs are 515 reported in the range of $800-1000/kWh for OCGT and $1000-1250kWh for CCGT [87] . A value of $978/kWh was 516 adopted for OCGT based on NERC's recommendation and $1476/kWh was assumed for the CCGT. These values include 517 the costs for procurement, engineering and construction, planning and approval, technical services, land acquisition, 518 infrastructure, water and effluent treatment, connection to transmission network, fuel handling and storage, i.e., the costs 519 of procurement and installation, which vary and depend on site location, plant design and capabilities and other local 520 factors, such as cost escalation and inflation. The sensitivity analysis shows that capital cost, company tax rate and 521 inflation rate changed by 3.9%, 8.2% and 1.2% for a ± 20% change in the base value. Depreciation cost allocates part of 522 the investment costs over the plant's useful life, hence had minimal influence; as such a ± 20% change in a depreciation 523 rate only brought about 0.6% change. These results demonstrate that LCOE for these power plants can be reduced 524 significantly by aiming at the reduction of the TLCC, mainly by improving a plant's CF and reducing discount rate, 525 company tax rate, capital cost and Pre-Tax Real WACC.
526 This study determined the cost of SGE in comparison to the regulated wholesale electricity generation (contract) prices 527 in Nigeria. It has considered various economic scenarios through which Jatropha biodiesel can be used for power 528 generation in Nigeria using industrial gas turbines. The study has not considered the impact of feedstock security that 529 might result from poor infrastructures, theft or competitive demands for oil. Further assessment would be required to 530 examine the socio-economic impact of the Jatropha biodiesel-power generation in Nigeria. 545 (Jatropha biodiesel-FCP) without any form of financial support, or iii) a guaranteed Jatropha biodiesel fuel price of 546 $/0.18/gallon. Beyond this fuel price, a different wholesale electricity contract price would be required. These mechanisms 547 can guarantee that the generator recovers the initial cost of capital and operating costs. A carbon tax levy can also be 548 imposed on natural gas-fired plants, which nearly doubles the LCOE with a carbon tax of $100/tCO 2 . These carbon tax 549 scenarios do not guarantee the economic viability of the Jatropha biodiesel-fired plant. A combination of all the above 550 mechanisms could be exploited to improve the competitiveness of the Jatropha biodiesel-fired plants. In a worst case 551 scenario, where there are no government incentives, there are opportunities for distributed and independent power 552 generation using Jatropha biodiesel, since the average cost of electricity was as high as $0.45/kWh for the SME and 553 0.70/kWh for the household. The CCGT, as a more energy efficient engine, was best suited and could be used 554 competitively for utilizing Jatropha biodiesel fuel for power generation. 
